Experimental data for inductive cross shaped metal meshes with periodicity constant gϭ20 m have been reproduced by the Micro-Stripes simulation program for various thicknesses. A similar calculation has been performed with the Fourier modal method for cross shaped meshes with periodicity constant gϭ1 m. The transmittances of all these meshes show similar resonance peaks and the same dependence on thickness. A rudimentary coupled oscillator model describes very well the dependence on thickness of the peaks, suggesting that the transmittance of all metal meshes in the short and long wavelength region are excited surface waves coupled by waveguide modes of the openings.
I. INTRODUCTION
Recent experimental and theoretical work [1] [2] [3] on metallic membranes perforated by subwavelength apertures has attracted much interest because of potential applications for filtering and confinement of light in the visible spectral region. This recent work shows many similarities to work done on inductive metal meshes used as filters in the long wavelength region. We will show that for meshes with cross shaped openings there is similar appearance, in both wavelength regions, of transmittance peaks with respect to the dependence on thickness of the meshes. The transmittances, normalized by considering the ratio of area of the aperture to the area of the unit cell, are also about the same. Electroformed metal meshes have been used since the 1960s as Fabry-Perot reflectors in the long wavelength region. 4 These square shaped metal meshes, called by Ulrich 5 ''inductive'' grids, had thicknesses of less than 10% of the periodicity constant and are called thin meshes. Ulrich introduced metal meshes with cross shaped patterns and Chase and Joseph studied the transmittance dependence on the shape of the cross. 6 In the short wavelength region, Byrne et al. 7 investigated inductive cross shaped metal meshes on a substrate. All these meshes have a broad resonance transmittance at wavelength slightly longer than the periodicity constant, with peak wavelengths depending sensitively on the geometrical parameters of the cross.
Thick metal meshes with thickness larger than 10% of the periodicity constant have been produced by Ruprecht et al. 8 The meshes have been manufactured for a periodicity constant of gϭ20 m using the LIGA method ͑a lithographic-electroforming process͒. The transmittances of these free standing cross shaped metal meshes show an additional peak at shorter wavelength, strongly depending on the thickness of the mesh. Compton et al. 9 have predicted these peaks for thick free standing cross shaped metal meshes and Möller et al. 10 have given an interpretation of Ruprecht et al.'s work. In the short wavelength region, Ebbesen et al. 1 and Grupp et al. 2 have presented experimental studies of metal meshes with round holes and MartinMoreno et al. 3 have calculated similar meshes with square shaped openings. In this article we show that all these metal meshes in the short and long wavelength region have similar transmittances with identical peak dependence on the thickness. Additionally, we present a rudimental model, expressed in terms of transmission line theory that describes very well all resonance peaks of the mesh.
II. THICK CROSS SHAPED INDUCTIVE METAL MESHES
A. Experimental data and simulations 1. Cross shaped meshes with periodicity constant gÄ20 m a. Simulations. We have used the Micro-Stripes simulation program 11 for the calculation of the transmittance of cross shaped metal meshes, assuming a surface impedance of 1.635 ⍀ cm and geometrical parameters of the crosses of g ϭ20 m, 2aϭ1.5 m, and 2bϭ3 m ͑see Fig. 1͒ . In Figs. 2͑a͒-2͑c͒ the transmittance is shown for thicknesses of 0.2, 3.2, 6.4, 9.6, 12.8, 16, 19.2, 22.4, and 25.6 m. In the longer wavelength region there are peaks shifting only slightly to shorter wavelengths, we call them ''resonance peaks.'' At shorter wavelengths there are peaks which are largely dependent on the thickness of the mesh; we call them ''thickness peaks.'' The thickness peaks appear first at a wavelength close to the periodicity constant g and shift with increasing a͒ Electronic mail: kdmoel927@aol.com thickness towards the resonance peak. After a certain thickness of the mesh, a new series of thickness peaks appears with its first peak having again a wavelength close to the periodicity constant.
We have plotted in Fig. 3 all peak wavelengths divided by the periodicity constant (/g) depending on the thickness divided by the periodicity constant (t/g) for the range 0-1.5.
b. Experiments. Ruprecht et al. 8 have manufactured free standing metal meshes of excellent quality with the same geometrical parameters as used above of gϭ20 m, 2a ϭ1.5 m, and 2bϭ3 m and for thicknesses of 11, 20, and 29 m. The transmittance is also shown in Fig. 3 and there is excellent agreement of the experimental data and simulations ͑within a few percent͒.
Cross shaped meshes with periodicity constant gÄ1 m
In the short wavelength region we have used the Fourier modal method 12 to calculate the transmittance of free standing cross shaped metal meshes with geometrical parameters of gϭ1 m, 2aϭ0.2 m, and 2bϭ0.11 m for thicknesses of 0.2, 0.4, 0.8, 1, 1.6, and 2m ͓see Figs. 4͑a͒ and 4͑b͔͒. We call the longer wavelength peaks ''resonance peaks'' and the shorter wavelength peaks ''thickness peaks.'' The appearance depending on thickness is very similar to that found for the case of gϭ20 m. In Fig. 5 we have plotted for the range of 0-2 the peak wavelength divided by the periodicity constant (/g) depending on the thickness divided by the periodicity constant (t/g).
Such calculations have been repeated for cross shaped metal meshes with similar ratios of a/g and b/g for periodicity constants gϭ2.14 and 3 m. The results of the dependence on thickness of resonance and thickness peaks are the same as shown in Fig. 5 . 
B. The oscillator model and transmission line theory 1. Oscillator model
Ulrich 13 has analyzed the modes of thin square shaped inductive metal meshes. The modes are composed of pairs of surface waves tightly bound by the openings. The corresponding wavelengths are the resonance wavelengths of a thin metal mesh. We extended this model to thick metal meshes and assumed that each of the surface waves on the front and back side of the thick mesh are described by an oscillator. The oscillators are coupled by waveguide modes of the openings, depending on the thickness t of the mesh. For a qualitative description of this simple model of two interacting oscillators we use transmission line theory 14 and calculate the peaks of the transmitted waves.
Transmission line theory
Ulrich developed the transmission line theory for the calculation of reflectance and transmittance of thin metal meshes. 5 The theory uses geometrical and electrical parameters for the description of optical properties: a short description is given in Ref. 15 . Ulrich's formulation has been corrected by Whitbourn and Compton 16 and the revised formulation will be used here.
a. Oscillator. We considered an inductive thin metal mesh and described the resonance oscillation by a shunt impedance ͑see Fig. 6͒ ,
where
The periodicity constant of the mesh is g, the resonance fre- The transmitted intensity is calculated from the ͑2,2͒ element of the resulting product matrix, presenting all elements in the transmission line. The matrix M 1 of the impedance Y has the elements m1 11 ϭ͑ϪY /2ϩ1 ͒, m1 12 ϭϪY /2, ͑6͒ m1 21 ϭY /2, m1 22 ϭ͑Y /2ϩ1 ͒, and the matrix M 2 of the separation of length t in the medium with refractive index 1 m2 11 ϭexp͑Ϫi2t ͒/, m2 12 ϭ0, ͑7͒ m2 21 ϭ0, m2 22 ϭexp͑i2t ͒/.
To include losses one may take the refractive indices as a complex quantity.
Calculations
The two oscillators of our model are described by the matrix product M ϭM 1M 2M 1, where the separation of the oscillators corresponds to the thickness t of the metal mesh. The input data are as follows: The resonance frequency o is obtained from g/ R , where R is taken from the empirical formula R ϭ2gϪ4aϩ2b of the resonance wavelength of thin inductive metal meshes, 6 in agreement with Micro-Stripes 11 calculations. The band width parameter, obtained from Micro-Stripes calculations, is A1ϭ0.1, and the loss parameter a1 is 0.001, according to Ref. 16 .
In Fig. 7 we have plotted (/g), the calculated peak wavelengths divided by the periodicity constant, versus (t/g), the thickness divided by the periodicity constant, for the range of t/g from 0 to 2.
For small t/g values, the two oscillators interact and show a ''splitting,'' which decreases for increasing values of t/g. At around t/gϭ0.6 a new peak appears, shifting for larger values of t/g towards the wavelength of the oscillators. At around t/gϭ1, the wavelength of the ''new peak'' and the peaks of the oscillators are close together and interact. The interaction of the oscillators with one another and the ''new peaks'' is small and therefore the resulting wavelength is close to the resonance wavelength of the thin mesh. The ''new peaks'' are the ''thickness peaks'' and are interpreted as compound modes composed of oscillator resonance and waveguide modes. 10 The waveguide modes are ''FabryPerot'' modes, as they appear between two reflecting plates, similar to those described in Ref. 18 for narrow slots in thick gratings. The second and third series are also ''thickness peaks,'' composed of resonance and higher order waveguide modes. All three branches of ''thickness peaks'' appear with their first peak at a wavelength about equal to the periodicity constant g. Interaction occurs when the thickness t is in the range of the periodicity constant.
III. DISCUSSION
The oscillator model describes the transmittance of the mesh by the interaction of the oscillator resonance modes and the waveguide mode. The incident light at normal incidence induces a standing wave mode within the mesh. The mode couples energy of the incident light to the transmitted and reflected lights. This induced resonance mode is composed of two standing surface waves, one on each side of the Transmission line theory calculations of resonance and thickness peaks of two oscillators at distance t. The peak wavelength divided by the periodicity constant (t/g) of resonance and thickness peaks are plotted depending on (t/g), the ratio of metal thickness to periodicity constant. At small values of t/g, the resonance peaks show interaction and have /g values around 2. At t/gϭ0.5, the interaction of the resonance peaks has vanished and the first branch of thickness peaks appears. At t/gϭ1, the first peak of the second series of thickness peaks appears. At t/gϭ1.5, the first series of thickness peaks interacts strongly with the resonance peaks.
mesh. When the surface waves interact through the openings, degeneracy is lifted and the resonance is split into two. As the metal thickness increases, the coupling decreases and the resonance peaks are merged into one peak. This is shown in simulations for the short wavelength region as a splitting disappearing for large thickness ͓Fig. 4͑a͔͒. In the long wavelength region, simulations and experiments show a broad peak decreasing in width ͓Fig. 2͑a͔͒. With increasing metal structure thickness, the interaction of the two surface waves decreases and the energy transfer is now accomplished by wave guide modes. The simulations in both spectral regions and the experiments in the long wavelength region show several series of new peaks with peak wavelengths depending on the thickness of the mesh and shifting to longer wavelengths.
In this article we have applied the oscillator model to interpret transmittance data of cross shaped meshes. The geometrical property of crosses is contained in the input data of the oscillators used in transmission line theory. These input data will be different for square or hole apertures, but the qualitative result will not significantly change. MartinMoreno et al. 10 have calculated thick periodic structures with square shaped openings in the short wavelength region. Transmission data are reported for free-standing meshes with periodicity constant gϭ750 nm, square length of 280 nm, and five thicknesses with t/g values of 0.13, 0.26, 0.4, 0.53, and 0.67. The transmittances, depending on thicknesses of these meshes, show a resonance and a thickness peak, very similar to our results for crosses, as expected from the oscillator model. A thickness peak appears first for t/gϭ0.13 at a wavelength close to g. For increasing thickness, the thickness peaks shift to longer wavelength while the resonance peak shifts to shorter wavelength and both appear together in the range of t/gϭ0.4-0.67.
The results of Ref. 10 have been applied to the interpretation of experimental data on round holes, studied by Ebbesen et al. 8 on substrates, and by Grupp et al. 9 as free standing structures. Unfortunately, these experimental investigations are done only for a narrow range of t/g values. In Ref. 9 , Fig. 2 , one peak is shown, perhaps with an additional shoulder, at t/g of about 0.4 for round holes of diameter 400 nm and gϭ750 nm. For the same t/g values and the same g, at shorter wavelengths ͑Ref. 10͒, though, a broad peak with a dip is exhibited for squares of length of 280 nm.
In our opinion, there is no extraordinary transmission enhancement in the short wavelength region. In order to normalize the transmittance properly, one needs to take the ratio of the area of the aperture to the unit cell area. The percentage transmittance of the experimental data in the short and long wavelength regions is about 2 to 3 times larger than this ratio. These transmittance enhancements occur via resonance modes, as mentioned for the short wavelength region in Ref. 10 and follows from Ref. 13 for the long wavelength region. We consider it an open question how to compare the transmittance of one hole with a periodic structure.
IV. SUMMARY
The experimental and simulated transmittance spectra of thick cross-shaped metal meshes have been studied in the short and long wavelength regions. These spectra exhibit transmission peaks with rather similar spectral appearance depending on the mesh thickness. A simple oscillator model reproduces very well the peak wavelengths depending on thickness. This qualitative model supports the interpretation of the peaks as resonances of the surface waves and ''FabryPerot'' modes of the openings, coupled to the surface waves on both sides of the mesh. The interpretation using the oscillator model applies very well to arrays of crosses, squares, or holes in the short and long wavelength region.
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